Plasma filaments in the scrape-off layer of Wendelstein 7-X by Killer, Carsten et al.
Plasma Physics and Controlled Fusion
PAPER • OPEN ACCESS
Plasma filaments in the scrape-off layer of
Wendelstein 7-X
To cite this article: Carsten Killer et al 2020 Plasma Phys. Control. Fusion 62 085003
 
View the article online for updates and enhancements.
You may also like
The Set of Diagnostics for the First
Operation Campaign of the Wendelstein 7-
X Stellarator
Ralf König, J. Baldzuhn, W. Biel et al.
-
Features of near and far scrape-off layer
heat fluxes on the Wendelstein 7-X
inboard limiters
H. Niemann, M.W. Jakubowski, F.
Effenberg et al.
-
The effects of non-uniform drive on plasma
filaments




Slab-geometry surface waves on steep
gradients and the origin of related
numerical issues in a variety of ICRF
codes
Wouter Tierens and Laurent Colas
-
Dynamics and Dependencies of the
Configuration-Dependent 1-2 kHz
Fluctuation in W7-X
S.B. Ballinger et al
-
Statistical characteristics of the SOL
turbulence in the first divertor plasma
operation of W7-X using a reciprocating
probe
S. C. Liu et al
-
This content was downloaded from IP address 129.13.72.196 on 23/11/2021 at 15:46
Plasma Physics and Controlled Fusion
Plasma Phys. Control. Fusion 62 (2020) 085003 (8pp) https://doi.org/10.1088/1361-6587/ab9313
Plasma filaments in the scrape-off layer
of Wendelstein 7-X
Carsten Killer1,5, Brendan Shanahan1,5, Olaf Grulke1,2, Michael Endler1,
Kenneth Hammond3, Lukas Rudischhauser1 and W7-X Team4
1 Max-Planck-Institut für Plasmaphysik, Wendelsteinstr. 1, 17491 Greifswald, Deutschland
2 Department of Physics, Technical University of Denmark, Lyngby, Denmark
3 Princeton Plasma Physics Laboratory, Princeton, NJ, United States of America
4 see T Klinger, Nucl. Fusion 59 (2019) 112 004
5 These authors contributed equally
Received 11 February 2020, revised 7 April 2020
Accepted for publication 14 May 2020
Published 22 June 2020
Abstract
Plasma filaments have been observed by reciprocating electric probes in the Scrape-Off Layer
(SOL) of the Wendelstein 7-X stellarator. Comparison with target probes indicates that a
filament observed in the W7-X SOL extends to the sheath. Two-dimensional simulations of
seeded filaments exhibit good quantitative agreement with experimental measurements in
filament velocity scalings, despite an assumption of constant field line curvature. Both
experiment and simulation show a slow radial propagation of filaments, indicating that filaments
are essentially bound to their flux surface and do not perform ballistic radial motion. In contrast,
the poloidal propagation along flux surfaces is much faster than the radial motion.
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1. Introduction
Large, coherent, field-aligned plasma filaments are a consider-
able source of particle transport in the Scrape-Off Layer (SOL)
of tokamaks [1–5]. Typically, such turbulent structures—also
called blobs—are observed to be generated close to the sep-
aratrix, from where they ballistically move radially across the
SOL, carrying heat and particles and resulting in turbulence
spreading into the far SOL [6]. However, they are not a phe-
nomenon exclusive to tokamaks [7–11]. The universal under-
lying feature is the charge separation of a positive density per-
turbation under the action of a polarizing force (e.g. curvature
drift in toroidal magnetized plasmas), which leads to a perpen-
dicular E×B motion of the turbulent structure. Based on the
parallel closure of the currents associated with the filament,
different transport regimes can be identified. In addition to the
fundamental sheath-limited and inertial (high collisionality)
Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.
regime, the magnetic shear associated with X-points in diver-
ted tokamaks can play a major role, as it results in a significant
elliptic deformation of the filament cross section [1, 12, 13].
In the Wendelstein 7-X (W7-X) stellarator, first obser-
vations of filaments in the SOL have been reported using
video cameras and an Alkali metal beam emission spectro-
scopy [14, 15], but fundamental questions on their origin and
properties remain as yet unresolved. Understanding filaments
in W7-X is particularly challenging due to the complex three-
dimensional geometry of the magnetic field [16] and com-
plicated magnetic topology of the island divertor [17]. In par-
ticular, the normal magnetic curvature varies greatly along
field lines and the multiple X-points result in significant mag-
netic shear. This novel environment for filament physics is just
starting to be addressed numerically [18]. Recent numerical
studies have indicated that filaments can exist even in cases
of non-uniform curvature drive as long as the field-line aver-
aged curvature is negative, i.e. interchange-unstable [19]. It is
also concluded in [19] that in cases of moderate non-uniform
curvature drive, filament propagation is nearly identical to
scenarios with constant curvature drive, motivating the drift-
plane approximation used in this work. Furthermore, previous
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work [11] has indicated that it is more appropriate to use the
average field line curvature to determine the areas of filament
generation.
Here, we present for the first time experimental observa-
tions of plasma filaments in the SOL ofW7-X using Langmuir
probes. The measurements are located outside of magnetic
islands in order to ease interpretation by avoiding the addi-
tional complexity of island-related plasma dynamics [15, 20].
Using conditional averaging of ion saturation current and
floating potential fluctuations, large scale turbulent structures
are clearly identified as positive density perturbations with a
poloidal electric field that leads to a radially outwards dir-
ected E×B drift [1]. The filamentary nature of the meas-
ured structures is demonstrated by the correlation of plasma
fluctuations along the local magnetic field. Scalings of fil-
ament velocity vs. size are compiled from a wide range of
experimental parameters and are compared to simulations of
seeded filaments in drift-plane geometry, yielding remarkable
agreement.
2. Methods
2.1. Reciprocating probe measurements
Experiments were performed in a magnetic configuration
of W7-X where the island divertor is formed by a m/n=
5/6 island chain (Low Iota). In this configuration, the recip-
rocating probes mounted on the Multi-Purpose Manipulator
(MPM) [20] are located outside the island chain but relatively
close to one of the six X-points, in a region similar to the
private flux region in tokamaks [21]. The path of the recip-
rocating probe head is indicated by the white dashed line in
figure 1 with the connection lengths L∥ from the probe path
to the divertor further illustrated in the inset. The experiments
presented here were conducted in the regions of (sheath-to-
sheath) L∥ = 60 m or L∥ = 105 m, respectively.
The probe head contained a poloidal array of cylindrical
probes which were alternatingly operated in ion saturation cur-
rent (Ii,sat) and floating potential (Φfl) mode. In addition, a
triple probe provided electron temperature and density. Fur-
ther details on the probe head are given in [20]. Probe data
for fluctuation analysis was band-pass filtered between 3 kHz
and 50 kHz to remove low frequency modes [22] and higher
frequency Alfvénic activity, which is often seen in W7-X [23]
and can be particularly prominent in the SOL [24].
Turbulence properties can be extracted from a set of
one central Ii,sat probe pin and two poloidally adjacent Φfl
probe pins which are separated by the distance d1,2. The
radial velocity of turbulent structures is then inferred from
Epol = (Φfl,1 −Φfl,2)/d1,2 as vr = Epol ×Btor/B2tor. To extract
the large-scale fluctuation events, conditional averaging (CA)
was employed [3, 7, 9, 10]. The trigger condition for an event
is set to two times the standard deviation of the ion saturation
current signal.
To ensure good statistics, only time series of at least 300
ms duration were used for the CA analysis, which typically
yield several hundreds of events for averaging. In each such
time interval, the probe remained at a constant position in
Figure 1. Poincaré plot (black dots) and connection length (color
coded) in the vicinity of the reciprocating probe path (white, dashed
line). Regions of closed field lines are represented by light grey
color. Connection length is computed as the sum of partial
connection lengths parallel and anti-parallel to the magnetic field.
The insets shows the full plasma cross section with the region of
interest indicated by the blue rectangle (top left) and a profile of
connection lengths along the probe path (bottom right). There, the
shaded area indicates the probed region for the results presented
here. The yellow cross represents the positions of one divertor probe
traced along the magnetic field to the poloidal plane of the
reciprocating probe measurements.
the SOL and plasma conditions were stationary. In total, 46
sufficiently long datasets with different combinations of elec-
tron cyclotron resonance heating (ECRH) power, line integ-
rated plasma density and probe positions are available from
otherwise identical experiments. Typical CA results of dens-
ity and radial velocity based on the detection of positive dens-
ity events are presented in figure 2 a,b) and show a localized
structure with a typical temporal width of 15µs. The structure
is approximately in phase between n ad vr, as expected in the
typical interchange picture [1, 3, 4]. To illustrate the robustness
of this general qualitative behavior and provide examples for
the quantitative variability, three data sets are shown in figure 2
a,b) which correspond to different ECRH power levels, while
the probe position and average plasma density were similar.
The general behavior of a simultaneous density and positive
radial velocity peak holds for all three (and all other) measure-
ments, and the density perturbation strength and radial velo-
city increase only slightly for higher heating power. At the
same time, the density base line before and after the turbu-
lent event reveals a somewhat stronger dependence towards
higher densities at higher heating power as was reported
previously [20].
In addition to the density perturbation, turbulent filaments
are known to also feature electron temperature fluctuations
[3, 25–27], which may significantly affect the validity of infer-
ring the plasma potential from floating potential measure-
ments. To estimate the role of Te fluctuations in our experi-
ments, CA triggered by density events has also been applied to
the Te signal from a simultaneously operated triple Langmuir
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Figure 2. Examples of a) density and b) radial velocity from
conditional averaging over 400 ms of data, triggered on density
fluctuations. In addition, the conditionally averaged electron
temperature from a triple probe is represented by ligher colors in a).
The three datasets correspond to different ECRH power levels,
while the probe position and line averaged plasma density (~
3 · 1019 m−3) were kept constant. c) Cross correlation between
various poloidally-separated floating potential pins, yielding an
upwards-directed propagation velocity of 1.2 km/s and a life-time of
11µs. The filament size is estimated from the poloidal velocity
obtained in c) and the temporal filament width indicated in a).
probe (see probe head layout in [20]).We find typical Te fluctu-
ations around 10% of the time-averaged electron temperature
as indicated by the representative results in figure 2 a), which
are approximately in phase with the density peak. Applying a
correction of ∼ 2.8Te to the floating potential measurements
results in the radial velocity becoming a few 10% larger than
without the correction, but an exact treatment is difficult and
remains outside the scope of this work for now. For the sake
Figure 3. Conditionally averaged ion saturation current densities
for MPM probe and target probe based on events in MPM data. The
mapped position of the target probe to the MPM plane (see figure 1)
is diplaced about 2 cm poloidally and 1 cm radially from the MPM
probe.
of a clear line of arguments in this paper, we will for now neg-
lect Te fluctuations for the further analysis and discuss their
potential implications in the final section of the paper.
Besides the density fluctuation amplitude and radial velo-
city provided by the analysis described above, the spatial scale
of fluctuation is a fundamental parameter for their dynam-
ics [1]. In the experiment, the (poloidal) size is estimated from
the poloidal propagation velocity vpol and the temporal width
τ1/e of the CA analysis assuming a linear propagation as δ⊥ =
vpolτ1/e. The temporal width of the structure τ1/e is determ-
ined from the 1/e width of the density peaks, c.f. Figure 2(a).
The poloidal velocity is obtained from a time delay analysis
of plasma fluctuations propagating over different poloidally
spaced pins on the probe head [20]. The procedure is illus-
trated by an example data set in figure 2(c), where the cross
correlation between different floating potential pins [20] on the
probe is shown. Larger poloidal pin distances are represented
by lighter colors, while the black curve at d= 0mm repres-
ents the auto-correlation function of one floating potential pin.
Besides the increasing time delay between correlation max-
ima for larger pin separation, the correlation amplitude is seen
to decrease quickly, indicating that the life time of the tur-
bulent structures is not much larger than the auto correlation
width. Therefore, an elliptical model is employed to properly
estimate the poloidal propagation velocity [28–30], yielding
an upwards directed velocity which in figure 2(c) is 1.2 km/s.
Poloidal velocities obtained in this way are generally compar-
able to (although systematically slightly smaller than) velocit-
ies estimated via vpol = (Er ×B)/B2 where the radial electric
field Er is determined from the radial profiles of electron tem-
perature Te and floating potential Φfl which were also taken
with the reciprocating probe head via Er =−∇(Φfl + 2.8Te).
The radial size of the fluctuating structures is not accessible
in our experiments. Therefore, the impact of their ellipticity is
explored numerically and represented by the error bars of the
simulation results in figure 5.
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We finally note that these measurements were taken with
a poloidal probe array at one specific toroidal position. To
prove the filamentary character, i.e. the elongation of fluctu-
ations parallel to the magnetic field, we exploit the magnetic
connection to one of the target Langmuir probes. The posi-
tion of the field line starting from the target probe (probe 12 in
divertor module 51) and followed ~ 10m along (anti-parallel
to) the magnetic field to the MPM plane is indicated by the
yellow cross in figure 1a). In figure 3, the CA results of both
this target probe and a probe on the MPM (pin 17 [20]) is
shown. Both probes were operated in ion saturation current
mode and the CA was triggered on the MPM probe signal.
The target probe result clearly shows an event about 13µs
after the event at the MPM. This time delay is approximately
consistent with the poloidal distance of 2 cm between MPM
probe and mapped target probe and the poloidal filament velo-
city of 2 km/s, which would result in an expected delay of 2
cm/2 km/s = 10µs. The slightly smaller amplitude and lar-
ger temporal width of the event at the target is likely due to
the imperfect coherence of the fluctuation along the magnetic
field. Amore detailed analysis of the correlation of fluctuations
between magnetically connected probes at different toroidal
positions will be presented in a future publication.
2.2. The Hermes model
The simulations used in this work are carried out using the
Hermes model implemented in the BOUT++ framework [31–
33]. Hermes is a non-isothermal fluid turbulence model which
evolves the full density profile. In this work, simulations are
performed only in the drift plane, and therefore parallel terms
have been neglected, and parallel effects must be included in
the closure terms. The equations solved here evolve plasma
density n, electron pressure pe, and vorticity ω. The full drift-
plane model is as follows:
∂n
∂t

















=−∇ · (ωVE×B)−∇ · (enVmag)
+∇· (µi∇⊥ω) (3)
where µi is the ion viscosity coefficient as defined in [34].










where Te is given in eV. All simulations presented here
employ the Boussinesq approximation [35] (although this









where Ωi = eB/mi is the ion cyclotron frequency. As the
plasmamodel is cast in conservative form, it conserves particle














where the terms correspond to the ion E× B energy and the
electron thermal energy. Differential operators are discretised
using flux-conservative finite volume methods, which are dis-
cussed in Reference [32].
Parallel closures for 2D simulations are of paramount
importance to the simulations presented here. Hermes includes
closures to facilitate realistic drift plane simulations. For SOL
simulations, sheath closures are available which add the fol-






























Te/mi is the sound speed.
3. Results, filament scaling
Plasma filaments are advected by E× B effects due to charge
separation arising from diamagnetic drifts. The resulting trans-
port is determined by the mechanism mitigating the charge
separation. Filaments with a short connection length (L∥) to
the sheath resolve charge separation via parallel currents, but
if the connection length is long enough (or the filament small
enough) the charge can be short-circuited via perpendicular
currents. This distinction of sheath- vs inertially-limited fil-
aments is often visualized by employing a scaling of fila-
ment velocity as a function of perpendicular filament size, δ⊥
[1, 36, 37]. A large, sheath-limited filament will have a velo-
city which scales as the δ−2⊥ , whereas inertially limited fila-
ments scale as δ1/2⊥ . A very thorough discussion of filament
propagation and scalings can be found in [1, 12].
3.1. Experimental scaling results
Based on the methods and data sets described in section 2, a
scatter plot of the radial filament velocities as a function of
their size is presented in figure 4(a). The observed filaments
have sizes δ⊥ between a few mm and 30 mm. The highest
radial velocities of up to 300m s−1 are found at medium-sized
filaments of around 10 mm. The time-averaged electron tem-
perature Te is color coded to illustrate the fact that the exper-
imental conditions can vary significantly between individual
data points. For the sake of visual clarity, error bars are omit-
ted here but are later shown in figure 5.
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Figure 4. Experimentally determined filament properties in
absolute (a) and normalized (b) units. Each symbol represents the
conditionally averaged result of a 300 ms time series. The
fundamental scaling laws are shown as solid lines.
To discuss filament scalings, it is more convenient to dis-
play their properties as normalized quantities [1, 36, 37]. Such
a normalized scaling is presented in figure 4(b), where the fil-
ament velocity is normalized to the local sound speed cs =√
Te/mi and the size is normalized to the drift scale ρs =
mics/(eB). In addition, the fundamental scaling laws [1, 37]














are superimposed as solid lines. Here, typical values for our
experiments in W7-X have been used: ρs = 0.2mm, relat-
ive density fluctuation amplitude α= ñ/n0 = 0.3, curvature
radius R= 6m, and connection length L∥ = 100m. The exper-
imentally observed velocities are well below the inertial
scaling and, for smaller filaments, also well below the sheath-
limited scaling. Only for larger filaments (δ⊥/ρs > 70), the
experimental data is in a similar range as the sheath-limited
scaling. Comparing the data in figure 4(b) to the radial velo-
city of similar filament sizes in tokamaks [1], we find that the
velocities are much slower in W7-X. As an example, the nor-
malized velocity for δ⊥/ρs = 100 is one order of magnitude
slower in W7-X compared to ASDEX Upgrade [37].
3.2. 2D simulations
Simulations were performed using the drift-plane approxima-
tion such that all parameters (and geometry) are constant in the
parallel direction. Initial conditions were motivated by the typ-
ical filament parameters observed by the reciprocating probes.
The simulations were initialized as a circular Gaussian cross-
section, with a 30% density perturbation above the time aver-
aged density n0 = 6· 1018 m−3 at a time averaged temperature
of Te,0 = 22 eV. Both filaments with an initially unperturbed
temperature as well as with a 10% Te perturbation above the
background have been investigated numerically.
The experimental data presented here was obtained in two
different connection length regimes, approximately 105 m and
60 m, see figure 1. As the region with 105 m connection length
is closer to the separatrix, filaments in this region tend to be
hotter and have stronger density perturbations. Background
densities are also much higher for these filaments. Due to the
difficulty in disentangling these experimental parameters, and
as L∥ is of paramount importance in 2D closures, we present
here the filament scaling as a function of poloidal filament dia-
meter (δ⊥) as seen both in experiment and simulation for the
two different L∥ regimes, figure 5. The scattered data points
are the same as in figure 4(a) but distinguished by connection
length into the two subfigures. While the size distribution is
similar in both cases, higher velocities are seen in the 105 m
case. This is in agreement with the dedicated simulations for
each L∥ case, which also show similar qualitative trends but
higher velocities at L∥ = 105 m, as well as with the analytical
sheath limited scaling calculated according to equation (10).
The experimental measurements presented are limited to
determining the poloidal size of any radial filament size. The
shaded regions around the simulation results in figure 5 cor-
respond to the maximum and minimum vmax achieved when
varying the filament ellipticity—although this does not scale
monotonically—while keeping the poloidal size δ⊥ fixed. The
maximum filament velocity corresponds to an elliptical fil-
ament whose major axis is poloidally-aligned, and the min-
imum velocity is a filament where the major axis is aligned in
the radial direction. Both cases are for a major axis which is
four times the minor axis of the elliptical filament. For a much
more detailed discussion on the effects of filament ellipticity in
the drift plane, see Reference [38]. As shown by the error bars
in figure 5, the uncertainty from the unknown filament ellipti-
city has no major role for the agreement between experiment
and simulation.
The experimental error bars correspond to typical errors of
30% in the size estimation and 40% in the velocity estimation,
which include both statistical errors in the experimental data
and systematic errors due to the geometric alignment of probe
pins with respect to the filament. To assess the latter, a syn-
thetic probe diagnostic has been developed for the simulated
filaments, providing an assessment of the underestimation of
filament size due to the fact that probe will not always measure
a filament at its largest diameter.
Given the uncertainties and simplifications in both experi-
ment and simulation, the agreement between them is surpris-
ingly good. The fact that the experiments in figure 5 agree
5
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Figure 5. Comparison of filament scaling in experiment and
simulation. The experimental data points were distinguished by
connection length and simulations were performed for each
connection length separately. The shaded region around the
simulations results represents the uncertainty due to perpendicular
filament ellipticity.
better with the simulations without initial Te perturbation is
not surprising since this was also the assumption for the inter-
pretation of experimental data, see section 2. The simulations
including an initial 10% Te perturbation of the filament res-
ult in 20%-50% higher radial velocity. A similar correction
towards higher vr can be expected for the experimental results
when the 10% Te perturbation is included in the calculation of
vr from the plasma potential signals. However, no such data
set for the experiments is shown here since the exact nature of
the correction still remains to be addressed in future, detailed
investigations.
Concluding this comparison, the agreement between exper-
iment and simulation in figure 5 is robust to changes in the
initial conditions for the simulated filaments, for instance
the range of temperatures shown in figure 4. One can there-
fore determine that despite the complex geometry and large
range of experimental parameters, the filaments seen in the







Figure 6. Profiles taken with the reciprocating probe for two
different plasma scenarios. In both scenarios, the averaged results of
three identical fast plunges are shown. The skewness and kurtosis
(c,d) were determined from the probability distribution functions of
ions saturation current fluctuations where the kurtosis is defined
such that a normal distribution has kurtosis = 0. The error bars
indicate the scatter between the six data sets (three plunges, each
inwards and outwards). The poloidal velocity of fluctuations (e) is
estimated from cross correlation time delay analysis across the
probe array [20]. The horizontal axis shows the probe position in
cylindrical co-ordinates along the probe path, see figure 1.
3.3. Discussion, implications for SOL transport
The slow radial propagation of filaments in W7-X implies
that a filament only moves sub-cm distances during its life-
time which is typically no more than a few 10µs. Therefore,
filaments cause only local perpendicular transport. This is in
contrast to tokamaks, where filaments can propagate over sig-
nificantly larger radial distances, thereby transporting hotter
and denser plasma from the separatrix into the far SOL [6].
There, this process manifests in strongly positive skewness
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and kurtosis of density fluctuations in the far SOL, indicat-
ing the presence of strong positive density perturbations in a
rather quiet background plasma [1, 3, 5, 39]. In W7-X, the
situation is different, as further illustrated by the skewness and
kurtosis profiles in figure 6. The entire radial range probed by
the fast plunges of the manipulator is shown (in contrast to
the probe remaining at intermediate constant positions for the
CA analysis, which for the experiments shown above between
6.095 m and 6.120 m). In addition to the statistical paramet-
ers, the electron temperature and density profiles are shown, as
well as the poloidal propagation velocity of fluctuations along
the probe array [20]. To illustrate the role of plasma condi-
tions, two different scenarios are shown: high ECRH power
(5MW) at higher density (line integrated density 6 · 1019 m−2)
in black, and low ECRH power (2MW) at medium density
(4 · 1019 m−2) in red. For each scenario, the data was averaged
over three independent measurements in separate discharges,
which are well reproducible in W7-X. The skewness profiles
are rather flat across the entire probed region, indicating a sim-
ilar occurrence of positive and negative density events. The
kurtosis profiles showmore variation, but are notably flat in the
far SOL, further supporting the conclusion that the turbulent
structures seen far from the separatrix are a part of the (approx-
imately normal distributed) background turbulence and have
not been advected there from a different radial position (e.g.
the separatrix in case of tokamaks). The larger kurtosis values
with larger error bars (representing scatter between the differ-
ent data sets) in the 5MW scenario around R= 6.09m coin-
cide with the observation of a poloidal velocity shear layer at
this position. The occurrence of this shear layer is well repro-
ducible [20] but not yet understood, since it is well outside
the expected separatarix position, which is around R= 6.05m.
Nevertheless, we emphasize that the filaments measured by
the probe outside of this region have not (predominantly) ori-
ginated at this shear layer, since a) the shear layer is only
seen at higher heating powers and higher densities, and b)
the radial velocities and statisticial profiles in figure 6 do not
support such a statement. The conclusion that filaments are
created locally everywhere along our measurement range is
further supported by the filament detection rate represented by
the open symbols in figure 6 c), which reveals a similar fila-
ment occurrence in the positions investigated by CA. Regard-
less of the shear layer, the poloidal velocities are typically
in the range of a few km/s and therefore one order of mag-
nitude larger than the radial filament velocities. The fast pol-
oidal propagation of filaments is furthermore reflected by the
rather symmetric shape of the filament signals in figures 2, 3,
which is again in contrast to many observations in tokamaks,
where due to the faster radial propagation the filaments seen
by probes are characterized by a steep front and a longer
tail [1].
Finally, the question of the role of Te fluctuations needs to
be addressed. As shown in figure 1 c), small yet significant
Te fluctuations have been observed in phase with the filament
density peak. While it has been shown in in certain situations
in tokamaks this can strongly affect conclusions made from
floating potential measurements, [26, 27], the implications in
the W7-X experiments are not as grave. Depending on the
exact treatment of the corrections, the true radial filament velo-
city might be on the order of 10% (upper limit: 50%) higher
than in the experimental data shown in figures 4 and 5, which
would also agree with the role of such Te perturbations seen
by the simulations. A more accurate conclusion requires addi-
tional experiments and work beyond the scope of this paper.
However, even in the most extreme error situation of a sys-
tematically up to 50% higher radial filament velocity (which
is almost within the 40% error bars in figure 5), the main mes-
sage remains valid: The filaments observed in the W7-X SOL
are so slow that their radial displacement during their life-time
is smaller than their own size.
4. Conclusion
Filaments have been investigated in the SOL of W7-X (out-
side of magnetic islands) where they have been identified and
characterized by probe measurements. The presence of fila-
ments was not clear to begin with, as the curvature drive var-
ies greatly along a field line in the W7-X SOL. Approxim-
ating the net drive on the filament using field-line-averaged
curvature [19] in 2D yields good agreement of the filament
scaling between experiment and simulation. It is found that
filaments in W7-X exhibit slow radial motion, while their pol-
oidal velocity induced from the radial electric field is much
larger than the radial velocity. The simulations reproduce this
observation and indicate the large major radius—and therefore
small normal magnetic curvature—of W7-X as the primary
cause.
These observation imply that radial propagation of turbu-
lent filaments is not a major contribution for the perpendicular
transport in the W7-X SOL, as the filaments do not move sig-
nificant radial distances within their life time and only result
in local transport on the scale of their own size. Following the
common definition of blobs [1], the filaments in W7-X there-
fore cannot be described as blobs. The flat skewness and kur-
tosis profiles in the far SOL support that the filaments are radi-
ally essentially bound to a flux surface. In particular, ballistic
radial motion of filaments and radial turbulence spreading [6]
is not observed.
A quantitative assessment of the role of filamentary trans-
port for the entireW7-X SOL requires a full three-dimensional
treatment. In particular, role of filaments in magnetic islands
needs to be assessed, since the islands are the essential part
of the W7-X island divertor and have been shown to feature
additional plasma dynamics [15, 20, 40], adding to the com-
plexity of the filament analysis. Therefore, future work should
include the full magnetic geometry.
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